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Glossary of Symbols 
a broad waveguide dimension 
B magnetic flux density 
b narrow waveguide dimension 
C speed of light 
Da ambipolar diffusion constant 
E electric field strength 
a magnitude of the charge of the electron 
J current density 
k Boltzmann'o constant 
M atomic mass 
M. mass of the electron 
N electron concentration (electrons/mctre3) 
p gas pressure (mm.Hg.) 
Qe 
collision cross section for electrons 
R radius of discharge tube 
T 
electron temperature 
Tg gas temperature (°K) 
t time 
V velocity 
x distance from waveguide wall 
x distance from cathode (cm.) 
y normalised admittance 
z normalised impedance. 
a recombination coefficient for electrons 
= -j € V, relative dielectric constant 
dielectric constant of free space 
mean free path for electrons 
guide wavelength 
free space wavelength 





complex microwave conductivity 
øxlEular frequency 
Complex quantities and vectors are indicated 




Although the knowledge gained from rcscrch 
in the gas discharge field has formed the foundation 
for modern physics there are still many problems 
associated with gas discharges theLliselvcs which 
remain unsolved or are not completely understood. 
This is not surprising since the physical processes 
Involved are complex and small quantities of impurities 
may have a marked effect on any results obtained. In 
addition the investigator has rather a limited number 
of research tools at his disposal. 
Classical probe methods were until recently the 
most usual means of studying gas discharges. The 
voltage - current characteristics of metallic probes 
inserted into certain regions of a gas discharge can 
yield useful information about its properties 
(Langmuir and Mott-Smith, 1923). Such probe 
measurements give reliable results oni hcr.. the 
ionisation density is high, as In the negative glow 
and positive column of a glow discharge, so that the 
current drawn by the probe has a negligible effect oft 
the discharge. Large errors can be produced by 
conaminatIon of the probe surface and by plasma 
oscillations in the discharge. However, according to 
Loeb (1955a), probe measurennts can be expected to 
yield fairly accurate energy distributions and values 
of electron temperature, while under some conditions 
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they yield local ion and electron concentrations to 
within perhaps half an order of magnitude. 
Classical probe methods are applicable only o 
the steady state. Recently, however, Wey-mouth (1959) 
has developed a pulsed probe technique which has 
several advantages. The probe characteristic is 
obtained in about 10 p.sec. so that chances in the 
discharge parameters occurring in perhaps 100 psec* 
could be detected, A further advantage claimed for 
this particular method is that as the probe is normally 
maintained at a large negative potential the surface 
is cleaned by positive ion bombardment and 
contamination is thus avoided. 
The development of modern microwave techniques has 
provided another powerful method for investigating the 
properties of ionised gases. Using the theory of the 
I conductivity of ionised media, orginally developed in 
I connection with the ionosphere, Biondi and Brown (1949) 
and others have developed microwave probe methods for 
the study of gas discharges. Such methods rely on the 
measurement of the microwave conductivity due to the 
free electrons in the gas and can yield no information 
about the positive ions. 
The results obtained from probe meaoixe1nentS can 
usefully be supplemented by studies of the light 
intensity and spectroscopic studies of the discharge. 
In recent years it has become almost conventional 
to determine the parameters associated with a gas 
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discharge by measuring the effect of the ionised 
gas on the properties of a resonant microwave cavity, 
and most of the work has been concentrated on ionised 
plasmas produced by high power microwaves. However, 
microwave probe methods can also be usefully applied to 
the study of d.c. discharges. In particular the study 
of the pulsed glow discharge, which might find 
application in lAcrowave circuits, has prc;viously been 
rather neglected. 
One obvious alternative to the use of a resonant 
cavity method for measurement of the discharge 
conductivity would be to mount the discharge tube 
directly across a section of rectangular waveguido 
so that it behaves as a dielectric post. This method 
was used by Prime (1952) to study discharges in 
mercury vapour and it has been used throughout the 
investigations described in this thesis. It has the 
advantage that conventional microwave impedance 
I measuring equipment can be used to determine the 
discharge admittance and dielectric post theory can 
then be used to relate this admitance to the various 
discharge parameters. 
The most convenient frequencies for this type of 
measurement are in the range 3K110c/s --- L)hic/s. 
(S and X-Band), as these frequencies are in common 
use and equipment is readily available. 3-Band was 
chosen as being most suitable for the teats to be 
described in this thesis, as the longer wavelength 
leads to discharge tubes of reasonable dimensions: in 
addition the sensitivity of microwave probe 
measurements is greater in B-Band than in X-Band, 
and sensitivity is of great importance. 
As the dynamic impedance of a glow discharge may 
be low, or even negative under some conditions, it was 
decided to feed d.c. discharges of this type from a 
high impedance source in order to obtain stable 
operation. Cold cathode discharges were to be studied 
under transient conditions, so for consistency of 
timing, the supply to the tubes was designed so that 
variable amplitude pulses could be superimposed on a 
small d.co maintaining current. The variation in 
electron concentration and collision frequency in the 
region of the discharge within the waveguide system 
would then be reflected in a time variation of the 
position and amplitude of the standing wave pattern 
in the waveguide. By moving the dischTue tube it 
would be possible to study the axial vaiion of the 
discharge parameters and in this way a complete picture 
of the behaviour of the discharge under transient 
conditions could be obtained. To simplify the problem 
of Interpreting the results the measurements have been 
restricted to discharges In helium, which has already 




2.1. The Microwave System. 
A diagram of the microwave system Is given In 
Fig. 2.1.1. I Is basically an S-Band microwave bench 
for the measurement of voltage standing wave ratio 
(v.s.w.r.), most of the components being in W.G. No.10. 
A Heil tube oscillator, similar to the Type 0223 
oscillator unit (Wayne Kerr Laboratories Limited), Is 
the source of microwave power. The capacity coupled 
output probe is connected to an absorption waverneter 
(services Type W1633), while the inductive output 
probe is coupled to the wavegulde system by a coaxial-
to-wavegulde transformer. A resonant iris has been 
mounted across the output flange of this transformer 
to reject any harmonica in the oscillator output. 
The precision attenuator is normally set to about 
30 dB., giving ample isolation between the oscillator 
and the rest of the system. 
The standing wave Indicator, which was supplied 
by is fabricated from l/L brass iJ-ate 
and has a residual standing wave ratio of the order of 
0.99. At low microwave power levels the detector should 
have a square law characteristic (Torrey and Whitmer, 
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1948) and this has been confirmed experimentally 
(Fig.2.1.2.) 
The discharge tube is mounted across a section 
of guide with a reduced height of 1 cm., in order to 
Improve the axial resolution of the measurements, 
matching to the standard wavegu.ide dimensions being 
achieved with the aid of a binomial impedance 
transforrrier. The discharge tube section is terminated 
with a matched wedge. 
The waveguide flanges have been carefully aligned 
to avoid introducing discontinuities in the system and 
the residual standing wave raio, measured before the 
hole for the discharge tube was machined, was 
approximately 0.98. 
22. Microwave Oscillator 
An S-Band Hell tube cavity oscillator (0V2221) 
is used as the source of microwave power. For normal 
operation this tube is used with a power supply designed 
to give constant mean power input. This was found to 
be unsuitable for pulse operation and has been replaced 
by a conventional stabilised supply delivering 220V d,c1 
which is low enough to ensure that the tube is not 
over-run for any value of screen grid voltage used. 
The screen grid voltage itself is held constant b.Y a 
large capaclor. 
The circuit diagram of the oscillator unit is 
given in Fig. 2.2.1. Provision has been made for 
PULSE GEN. MULTIVIBRATOR OSCILLATOR POWER SUPPLY 
PIJLSK. C#. 
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pulse modulation (1,2 or Lj. zn.sec) or square wave 
modulation (3 Kc/s), 
Positive pulses of amplitude greater than 20'-V 
are required to give satisfactory pulse operation of 
the oscillator and a rise time of less than 20 paec, 
cannot easily be obtained. 
Approximately Li.50V H.I. Is available for the 
12BH7 pulse generator which is trigered by. the 
leading edge of the main pulse from the timing unit 
controlling the equipment see Section 3.2). The 
series diode in the triggering circuit prevents 
spurious pulses being fed back to the triggering line 
aad disturbing the other units connected to it. A 
diode clamp circuit Is used on the oscillator grid so 
that the valve is normally cut-off and a large time 
constant is required for the coupling circuit for 
operation at low pulse repetition freciuencies. :?he 
cathode resistor of the 12BH7 is variable and this 
provides a convenient method of adjusting the 
triggering sensitivity. 
The 12B117 multivibrator can be used to provide 
square wave modulation so that steady state v.s.w,r o 
measurements can be made with standard equipment. 
2.3. Design of the aveuide Transformer 
The axial resolution which can be obtained when 
discharge tube Is mounted as a dielectric post in the 
wavegulde Is limited by the narrow wavegcthte 
dimension, For W.G. No.10 this is of the order of 
3.5 cm. Since the negative glow region of a discharge 
in helium may have a similar lengh a considerable 
reduction in the narrow waveguide dimension is 
desirable. On the other hand, if the waveguidewas 
too narrow there would be considerable microwave 
power loss along the axis of the discharge tube, 
As a compromise the narrow waveguide dimension has 
been reduced to 1 cm. 
Some form of impedance matching is necessary 
between the narrow discharge tube section and the 
standard waveguide equipment. A simple quarter-
wavelength matching section could be used, but this 
would have a very limited bandwidth. A better 
solution to this problem is the use of a multiple 
quarter-wavelength transformer of the binomial type 
(Southworth, 1950) 0 which has a much greater banwidth. 
In this design the reflection coefficienis at the 
various transitions are made proportional to the 
coefficients of the binomial expansion (1 + 
where n is the total number of transitions. The 
lumped admittances appearing at the iransitions are 
negligible and as the waveguide impedance is directly 
proportional to the narrow dimension-the appropriate 
dimensions can be readily calculated. 
Although the binomial transformer is widely used 
it can be shown that a 0hebshev design would give a 
further bandwidth improvement (Levy, 1959). 
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In some preliminary experiments the transformer 
shown in Fig. 2.3,1, was used. It consists of a 
copper insert unted in a section of No.10 waveguide 
with a 12i1: binomial transition to WIG. No. 10 at 
each end of the narrow discharge tube section, This 
transformer was checked for residual v.s.w.r, before 
machining the hole for the discharge tube and it Was 
found to be --0.97. However, this might have been due 
to partial cancellati;n of reflections from the two 
transitions. Because of this fact, and also the 
unbalanced nature of the transformer, a single 
symmetrical 1:3:3:1 transition was made and a special 
matched load used to terminate the discharge tube 
section, thus avoiding the second transition to 7.G. 
N0.10 (Figures 2.3.2. and 2,3.3.), 
The transformer and discharge tube section were 
fabricated from 1/4" brass plate and silver p1acd 
after assembly. The matched load (Decea Radar Limited) 
takes the form of a tapered wedge of loaded resin and 
gives a v.s.w,r. 0.99k The residual v.s,w.r, of thi 
transformer was 0.98 at 3u00 ac/s. 
In order to simplify impedance measurements the 
I discharge tube is mounted 3Xg/2 from the flange at 
the normal operating frequency (3000 Me/s.) 
4c 
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J.iotoraph of ihe 
binomial transformer. 
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CHAPTER 3 
Instrumentation 
3,1. The Complete System 
In order to study the microwave properties of a 
pulsed discharge usinL the dielectric post method It 
is necessary to measure the v.s,w.r. in the microwave 
system as a function of time. A block diagram of the 
system used in these experiments is given In fig. 
3.1.1, and Fig, 3.1.2. is a phoiograph of the 
equipment. 
In the case of a steady discharge, when Llie 
v.s.w.r& produced in the waveguide is constant, a 
microwave oscillator can be used to feed the 
waveguide system and the ou.LpuL from the v,s.w.r, 
probe is a d.c. signal. However, In the ease o2 a 
pulsed discharge the probe output is modulated by 
the time variation of the standing wave pattern due 
to changes in the discharge admittance. 
The v.s.w.r, at any,  instant Is a measureof the 
discharge admi tance and can be obtained by a sampling 
process, or by recording the probe output, for a large 
number of probe positions, 80 that a permanent record 
of the time variation of the v.s.w.r, pattern is 
obtained. The probe output is typically of the order 
of 1 mV* and must be amplified before the v.s.w.r, 
can be measured conveniently. A bandwidth of at least 
1 Mc/s Is desirable so that changes which occur over a 
period of microseconds will be recorded. 
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In order to avoid the difficulties associated 
with a high gain d.c. amplifier the microwave 
oscillator is switched on for 1 m,sec* each time the 
discharge tube is pulsed. For a low pulse repetition 
frecuency (p.r • f.) the docooDmponent of the probe 
output signal is then, negligib4e and an a.c* coupled 
amplifier with good lovi frequency response can, be used. 
The system operatths at a p.r.f. of 12.5 per sec. 
The microwave oscillator is pulsed on and after a 
fixed delay of approximately 25 A,sect (which allows 
the oscillator amplitude to become stable) the 
discharge tube is pulsed. A delayed pulse train is 
also availabe and this can be used to sample the 
v.s.w.re at a given time after the application of the 
pulse to the discharge tube. Alternatively the 
amplified probe signal can be recorded with the aid of 
an oscilloscope and camera,  
A more detailed description of the various unIte 
and their operation is given In the following sections. 
i,2. Timing Unit 
The transistorise timing unit was designed by 
Scott (1956). It provides pulse repetition 
frequencies of 12,5, 25, or 50 per, see, using a 
100Kc/, quartz crystal as a frequency standard.  
20 - 
A p.r,f. of 12.5 per. see. Ias been used in order to 
prolong the ueeful life of the discharge tubes. 
The main output from the unit triggers the 
microwave oscillator, the discharge tube pulse 
generator and the oscilloscope. It consists of 140V. 
Positive pulses 15 isec. long. 
In acIition a second output channel provides 
pulses which are delayed with respect to the main 
output by an amount variable from U-46-1800 psec. with 
an accuracy of betier than I psec. These delayed 
pulses are used to oparate a iate circuit which 
samples tha v.s.v.r, probe signal and the v.s.,w.re 
can therefore be measured at any selected time after 
the discharge tube is pulsed. 
The unit also provides 10 see. and 40 sec. 
time markers which can be used to apply brightnens 
modulation to the oscilloscope so that an aecurae 
time scale is available, 
Z.3* Constant Current Pulse Generator 
Rectangular current pulses superimposed on a 
small d.c maintaining current are fed to the discharg 
tube from a pulsed power unit. (Fig. 
Basically the unit consists of a .3 KV d.co  
supply with an UE3 tetrode and feedback amplifier 
to give a high output impedance. 
It was considered desirable to have one end of 
the discharge tube at earth i)Otefltiai.. Since the 
AUPI IF:11;rk PULSE GEN. DELAY POWER SUPPLY 
FIG. 3.3.1. 
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discharge tube is connected as the anode load of 
the tetrode the output stage and the associated pulse 
generator and trigger circuits are connected directly 
to the negative supply and isolated from earth. A 
special oil filled transformer insulated for 6.5KV. 
supplies the H.T. Zoo these c.Lrcaits and for 
sixrlicity a neon stabilised supply is used. 
The pulse generator is triggered by the trailing 
edge of the main pulse from the time unit (which also 
triggers the miwave oscillator), after a delay or 
10 psec, This produces a total delay of 25 p.8cco  
which is sufficient to allow the microwave 
oscillator to reach a steady state. Pulse widths in 
the range 5 p.sec. to 750 p.sec. can be selected. An 
EF80 variable gain amplifier shapes the pulse 
generator output waveform and also provides a raeeas 
Of altering the ailitude of the current pulses fad 
to the discharge tube. The 11E3 and one of the E180P 
pentodes form a high gain feedback loop which can be 
represented by the equivalent circuit of Fig. 3.3.2. 
The effective output impedance of this circuit is 
given b, 
so that . . , 3.3.2. 
C10- 
eg A10M. Fig. 
4 
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Current pulses are provided by altering the 
voltage level of the feedback loop with pulses ixjoct1 
by the second E180P pentode, while the d.c, 
maintaining current can be controlled by varying the 
bias on the series valve, 
The maxima value of R which can 'be used is 
limited by the permlssah].e change in volage levels 
under pulse conditions and this depends upon the d, c. 
supply voltage available for the amplifier, The gain 
A, which can be obtained in practice is also limited 
since it is not poesible for reasons of stabiliy to 
include more than one stage of amplification in the 
feedback loop. 
The output impedance of the circuit varies with 
the operating conditions, but for steady currents of 
a few milliamperes it is of the order of lMn. rising 
to about 224i.. under dynamic Qonditions, 
This must be compared with the output irpednee 
of the 11E3 which is about 150Rst • 
The flE3 has given satisfactory operation in this, 
circuit for long periods although it is not intended 
for continuous operation at such a high voltage. It 
will deliver recngular pulses of 50 nit, into a 
l0OK resistive load with a rise time of 2 p.sec. 
(Fig, 3.3.2a), although the mean output should not be 
more than about 2 mA, to avoid exceeding the anode 
dissipation. When uaing discharge tubes filled with 
helium at 5 mm, 1g. pressure the pulse shape 
deteriorates for arilitudee greater than 5 mA. due to 
- 2L - 
pg•  3,3.3ag  
Fig. 3.3.3b. 
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the high voltage required across the tube. At higher 
pressures a rise time of the order of 5 psec, can be 
obtained for 20 mA, pulses (Fig. 3.3.2b). 
Monitoring points are provided for the output 
voltage and current waveforms. 
Pulse Axnplifier and Sanpling Jnit 
The output from the v,s.w.r. probe is a train of 
1 ni.sec. pulses of about 1 mV amplitude which are 
modulated by the varying standing wave pattern in the 
waveguide when the discharge tube is pulsed, For a 
p.r.f. of 12.5 per see, the d.c, component of the 
signal is of the order of l of the pulse arlitude 
and can be neglected. An ac. amplifier can therefore 
be used (Fig. 3.4.1,) 
The amplifier consists of two feedback units, 
each using 1 - E180P and 1 - 12AT7, The gain of each 
unit is a prox1mately 33 so that the overall gain is 
103. The bandwidth extends from I c/s to 1 U'c/s. which 
is sufficient to ensure that changes in v,s,w.r, 
occurring in a period of a few microseconds can be 
detected. A conventional series stabilised supply 
delivers 200V d.c. with a ripple content of 1 my, to 
the amp1ir. Unstabilised dc. has been used to 
supply the valve heaters to reduce 50 c/o noise to a 
minimum. 
The output from the amplifier can be fed directly 
to the oscilloscope which is triggered by the timing 
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unit, A photograph of the display obtained for one 
position of the v.s.w.r. probe is shown in 
(brightness modulation by 40 i.sec, time markers) 
The initial part of the display corresponds to 
the rise in standing wave ratio as the discharge is 
pulsed. At the end of the current pulse the v.s.w,r. 
falls as recombination occurs. ?inally the microwave 
oscillator is switched off and the probe output; falls 
to zero, 
By recording this dislay for a large number of 
positions of the v.s,w,r. probe (fig. 3.4.3.) and 
enlarging the photographs obtained (Fig.3-4.2. )  the 
v.s.w.r. pattern at any time during the current pulse 
can be measured. The first two photographs in 
Fig, 3.4.5, show the discharge tube current and 
voltage waveforms. The next fifteen show the probe 
output throughout the period of the current pulse for 
probe positions spaced 0.5 cm. apart. The last set 
are similar out show only the recombination period. 
A typical set of v,s.w.r, patterns for the 
recombination period are shown in Fig. 3.4,4. (time 
measured from the end of the current pulse). This 
method of recording the resu1s has been used almost 
exclusively as the results can be obtained quickly 
and a permanent record is available for £uure 
examination, 
Alternatively the v.e.w.ro can be measured more 
directly with the aid of the samplixig unit, which i 
- 
Figure 3.4.2 
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also shown in Pig, 3,4.1. The amplifier output is fed 
to a series diode gate which can be opened by a 
1,5 Asec. pulse generator. The pulse generaor is 
triggered by the trailing edge of the delayed pulse 
from the timing uni c, so that the diode gate can be 
used to sample the amplifier ouiput at any preset.. 
time after the discharge tube is pulsed. Adjustment 
of the diode gate is carried out by removing the short 
circuiting link shown in the diagram and setting the 
potentiometer so that the d.c. potential between the 
input and output terminals is zero. Provided that th 
amplifier output voltage does not exceed We no 
output is obtained from the gate until it is opcaed 
by the 1.5 Asec,  pulse generator. 
The gate putput (1.5 psec. pulses with a p.r.f. 
of 12.5 per sec)  is passed to a pulse stretching 
circuit before being rectified and passed to a 
galvanometer. The galvanometer records the average 
output current which for this circuit is proportional 
to the square of the input voltage (Fig. 3.4.5.) 
(The v.s.w.r. indicator also has a square law 
characteristic.) 
The v.s.w.ro at a given time in the cycle of 
operation can be obtained simply by setting the 
reouirod delay on the timing unit and recording the 
maximum and minimum of the standing wave pa tern as 
the probe is moved along the waveguide, 
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CHAPTER 14 
The Gas Discharge Tubes 
L.,l, Discharge Tube Design 
In order to deLerialne suitable dimensions for the 
discharge tubes some experimental tubes of 2 cmi, 
diameter and. 140 cm. in length were made. It was found 
that the striking and maintaining voltages of these 
tubes were rather large for the range of gas pressure 
which was of interest. In addition the diameter was 
too large to allow accurate microwave measurements to 
be made as the tube diameter was a large fraction of 
the waveguide width so that considerable leakuge of 
microwave power was possible, However, the experience 
gained from these tubes led to he final desii 
described below. 
The discharge tubes used in the experimen:.e 
made from precision bore pyrex which was extri:iJ tY  : 
ground to a close tolerance so that the cross sectional:  
area would be constant, The pyrex tube tzeed was 7.5 rn 
bore x 9 mm. external diameter and an electrode spacing 
of 2 . was found to be satisfactory. I 
Skolnik and Puckett (1955) have suggested that 
molybdenum electrodes are better than tungsten as far 
as electrical noise and sputtering are concerned. :or 
this reason m.;lybdenum electrodes have been used, 
although some tubes with tungsten electrodes have also 
been made to compare the sputtering rates of these 
materials. 
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The molybdenum electrodes were made from a 6 nm, 
diameter disc of 16 gauge sheet mounted on one end of 
a short length of 1.5 mm, diameter rod, To obtain a 
plane electrode surface the rod is forced into a hole 
bored in the centre of one face of the disc. 2h1s give 
a rigid mechanical construction without the necessity 
for brazing. The tungsten electrodes are of similar 
constructions  but due to the difficulties of macliming 
tungsten the supporting rod passes through the disc and 
is ground off to give a plane electrode surface, 
The electrodes were electrolytically cleaned before 
being sealed into the tubes using 011 
- 09 - pyrex metal-
to-glass seals for the molybdenum and C9 - pyrex seals 
for the tungsten 
It was found that the discharge tended t strike 
behind the cathode thus altering the characteristics of 
the discharge. To reduce this tendency a short length 
of 6 mm, diameter pyrex tube has been fitted over the 
electrode supports :ith one end In close contact with 
the back of the electrode. This is Quite effective, 
although the discharge still strikes behind the cathode 
for pulse currents greater than 10 -- 20mA, depending 
on the gas preaure. A photograph showing details of 
the electrode structure and the metal-to-glass seLs is 
given in Fig, 4.1,1, 
In order to obtain satisfactory gas purity it was 
found necessary to use sealed tubes with a barium getter 
in the exhaust arm, hIch is placed behind one of the 
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these tubes is shown in Fig. 4.1.2. 
Details of the assembly procedure for making the 
discharge tubes are given in Appendix A. 
422, The Vacuum System 
The vacuum system used to fill the discharge tubes 
is shown in Pig. .2.1. 
The system is pumped by an oil filled rotary backing 
pump type S.R.2o and a two stage silicorLoll difue1on 
pump type 102(2)  with a water cooled baffle to prevent 
the oil diffusing into the vacuum system. The puns are 
protected against failure of the mains or cooling water 
supplies. The limiting vacuum which the pumps can produce 
is of the order of 5 x lO mm. Hg. 
The use of a mercury diffusion pump was avoided as 
this would lead to hlercury as an impurity in the discharge  
tubes. 
The main manifold of the vacuum system (See Fig. 
4.2,1.) Is a length of 25 mm. pyrex tube, which is 
connected to the diffusion pump by a neoprene rubber 
seal and an Industrial •ype coupling. A cold trap is 
connected between the main system and the ion ication 
gauge (Type IG - 2A0) and discharge tube* Axi 
electrically heated oven can be lowered over the tube 
to outgas this part of the system. Spectroscopically 
pure helium Is ippLicd fVom t.he gas bottle' and the 
1. Metropolitan-Vickers Co., Ltd., Manchester, 
29 W. Edwards and Co., Ltd,, London 















0 J OR I'IA M 
4. 
It 5 94 
Pig. L!.,2.1. 
- S 
- 38 - 
gas pressure can be measured -ith the oil rianometcr, 
Using silicon oil type DC7O3 a magnification factor 
of 12,47, compared with mercury, is obtained. A mirror 
scale is fitted to reduce errors due to parallax and the 
pressure can be read with an error of the orAer of 
0.03 mm.Hg. 
The procedure used to evacuate and fill the discIWXEP  
tubes to the required pressure was as follows: 
Al]. taps, except tap A, were opened anci the system 
evacuated, The glass was then outgassed as far as 
possible using an air-gas flame, A liquid air flask 
was placed over the cold trap and the ionisation gauge 
and discharge tube further outgassed by heating to 
L,OO°C. for about one hour using an electrically heated 
oven. This reduced the residual pressure to less than 
10 rn. Hg, After the system had cooled all c ts 
were closed and tap A opened momentarily to fill the 
part of the system adjacent to the gas bottle. The 
capillary tap C was then opened to flush the system 
with helium, the pressure being indicated on the 
manometer. This gas was pumped off and the system 
refilled to a pressure of 5 -- 10 inni, Hg, and a 
d.c, discharge of about 1 mA run in the tube for 15 
minutes in each direction to outgas the surface of 
electrodes. 
Finally the system was again evacuated and filled 
to the required pressure and the tube sealed off. The 
getter was then fired using an induction heater, 
1. W. Edwards and Co., Ltd., London. 
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It would have been an advantage if it had been 
possible to heat the electrodes in a hydrogen furnace 
before a2senTh1y of the tubes and also to outgas 'hem 
with an induction heater before tubes were sealed. 
However, suitable facilities for this were not 
available at the time and the procedure descrIbed has  
proved satisfactory. 
14..3. The oblem.ofGas, LurIty 
One of the main difficulties associated with gas 
discharges is the problem of maintaining the gas in a 
pure state. Desorption of the &ss and outgaasing end 
sputtering of the electrodes can yield large volumes 
of impurities. From this point of view a tube scaled 
permanently to the vacuum system would be ideal 's it 
could readily be filled with pure gas. iowcver his 
method would lead to mechanical difficulties as either 
the discharge tube or the waveguisystem iiust be 
moved in order to scan along the length of the tube, 
A more convenient alternative is the use of a 
tube fitted with a high vacuum tap, or of course the 
tube could be sealed off permanently, although this 
latter method gives rise to some uncertainty about the 
gas pressure after the tube has been in use for some 
time, 
To find a solution to the problem of maintaining 
the gas in a suitable pure state some experiments were 
carried out using both sealed tubes fitted with 
barium getters, and a tube fitted with a high vacuum 
tap so that it could be refilled. Measurements of the 
LO - 
striking voltage and static characteristic were made 
as well as studies of the general appearance of the 
discharge and spectrographic exairinaion. 
The static characteristics of the tubes filled 
with helium at 10 mm. Hg, pressure are illustrated in 
Pig. 4.3.1, Curve A refers to an unsealed tube fitted 
with a high vacuum tap, while B and C are for a sealed 
tube before and after firing the getter. One 
disadvantage of the tube fitted with a tap is that it 
is not possible to heat it to high temperatures due to 
the presence of grease. As a result it cannot be 
outgassed thoroughly, 
The difference in the static characterisuic of 
the tubes in obvious, the striking and maintaining 
voltage of the unsealed tube are much lower than for 
the sealed tubes. The effect of the getter in ulle 
sealed tubes is quite small, as might be expected, 
since these characteristics were taken shortly after 
sealing off the tubes. 
In addition to these differences in electrical 
characteristics the discharges have a very different 
appearance. The get tered tubes have a salmon-pink 
positive column with one or two diffuse sriaiiCflC at 
the negative end and the negative glow region is almost 
white. The unsealed tube tends to have a blue 
positive column with distinct striations which become 
more marked as the tube ages. Also, the ne:atiVe glow 
region is much shorter than in the case of the sealed 
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Helium Pressure (m1m,g1) 
(Top discharge for 500 PA d.c. 
Bottom discharge for 10 mA pulses) 
Fiiuz'e 
(Dischu-ge for 300 jxA d.c. with 30 OIA pules) 
4,3.4. which are photographs of pulsed discharges in 
sealed an unsealed tubes respectively. 
The voltage required to maintain a given current 
in the tube and the striking voltage are also oced 
considerably by the presence of impurities,  
gives a comparison between the maintaining volaes for 
sealed and unsealed tubes for a wide range of pressure, 
In an effort to determine the degree of gas i.ur1ty 
sone s,pectrograDhlc measurements of the light from the 
discharge have been made. Using a quartz 
with 50 micron slit and an exposure of 3 minutes on 
11P3 piaes(2) the spectra shown in Pig. 493,5, were 
obtained. (Considerable detail is lost in the printing 
process). They all refer to 6 mA pulses in helium at 
10 tm. Hg. pressuro, (Scale units are OA  100). 
The top spectrum is for an unsealed tube with 
irripurlUes present. The second and third are for a 
gettered tube of the type used in the experiments. In 
the positive coluimi only lines of atomic helium are 
obtained, while in the negative glow a large nu.ibcr of 
molybdenum lines are also present, The only lines ¶hich• 
cannot be identified as belonging to either helium or 
molybdenum (the cathode material) are the lines of a 
faint triplet at about 3677°A, 
It was estimated that the unsealed tube contained 
about carbon monoide and byd.rogen, which are 
Hilger and Vatts Limited, Londn 
Ilford Limited, Ilford, Essex, 
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aharaeterle'Lle *t coo., gcie, and were probably 
absorbed by the e1octzoIes n na.ing U 
Other hand the sood tibee with geroters oo: o 
d:etctbie quantity of lmluritlos ovoi after 
oonet1ez'aLe we and this We tif tube was 
adopted Ar the ezeiwenta. 
As an exaLT).e, one of thue gettered tzbee h•d 
a etrtkin ?o1ae o 2V shortly, after the oatter 
was tireil, Arter several huu of operation io 
julao conditions (during which ant-bode aQutterifl 
ooctn'ad) the str1king voltage a3t:rett to 2.4itV cd only 
minor chaneo in thQ dynamic clw oter *lee VW0 itod. 
It Appears from these results tet one o 1hø 
sp.eet ioins of the preseace of impkwtt4G1O. 
the ooloui at the discharge and the apciu.•ano of 
ationerp ri14ons in the mitivo colum, ;ujh 
as mentioned later navlaW aiaiw are pz'ee.t oven 
In pups gae 
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CHAFI'ER 5 
Relations between the complex dielectric coiatant of 
discharge and the discharge parameters 
511 Simple Lorentz Rft_sult  
The problem of determining the effective 
dielectric constant or conductivity of an lonised 
gas arose originally in connection with the atudi of 
the effects of the ionosphere on radio propagation 
(Eccles, 1912). In this connection the problem is 
usually treated using the concept of collision 
frequency. 
When an electromagnetic wave iE3 incident on an 
ionised region the equation of motion for free 
electrons is, 
-. _e(E +Vx)  
The motion of the relatively massive ions can 
be neglected, and since V the force due to the 
magnetic field Ia also negligible. 
Following Lorentz we introduce a term to account 




The lose term, () must have dimensions f rate 
of change of momentum and can be replaced by )(k4) 
where is the average frequency of collisions in 
- 147 - 
which the total momentum is dissipated.. 
So that, 
± V 3 
dt 
Assuming that V is harmonic with E, solution 
of equation 5.1.3. gives 
V 
The corresponding current density is, 
NE - J =—Nv E 5.1.5. - 
so that the complex conductivity of the ionised region 
is 
ii Ne[ CO = 
L(#J(+v1?j 5.1.6, 
and since I  
-j E; [(i +) -i']  





For a microwave frequency of 3000 Me/s, and 
becomes negative for electron concentratians greater 
than about 1016  electrons/metre3. 
- 4.8 - 
5.2. The Isothermal Plasma 
The disadvantage of the simple result of 
equation 5.1.8, is that it falls to take into account 
the distribution In energy of the electrons and 
therefore cannot give a proper averae over all 
electron velocities, 
Margenau (1946) has studied the case of an 
ionised gas in which the initial electron velocity 
distribution is modified by the application of a 
low power microwave probing signal,  
If there exists an electron concentraJon N in 
the region considered and vid dv 
have velocity components about Vx ) V, V tacn 
the velocity distribution function satisfies the 
Boltzmann transfer equation. (Chapman and Cowling, 
1952), 
viz. + v + (_ ) 5.2.1. 
where F denotes the force applied to an electron 
at t and () represents the rate at which 
the velocity distribution Is being altered by 
encounters with gas atoms. 
For a uniform electron distribution 
We can consider the force F to be simply 
and specify that 
49 - 
Equation 5.2.1, then becomes, 
-. 
eE. / 5.2.2. 
Inserting L - Ect, we have, 
) 5W 
2.3. 
The velocity distribution function can be expanded in 
terms of the isoLropic velocity distribution function 
j(v) and terms involvinL YVx Thus, 
f(v) = + +
YOY~,Wt  5 2,* 
and higher order terms which we will ne1ect, 
Where the losses are due to encounters with gas atoris 
at temperature Ij Chapman and Cowling give, 




where X is t1he mean free path for electrons and is 
considered to be constant. 
8ubstltuting the results of equations 5.2*4. - 
5.2.7, in the Boltzmann transfer equation, equation 
5,2.3. we have 
-50- 
+ yvx ci c4s 
wt] 
\/" 4C aLwt + i &t lv v  






vv v J 
IVLV C Ds.)t _rvv 1 jt 5.2.8, 
le 
(Since = _Y- ) 
LI -V 
This must be s i1ed for all values L/)C. C Cfl 
therefore equate terms odd in Vy and obtain, 
— f





t COtX_ f..2,9. 




Equating terms even in Vx,  In equation 5.2,8. yields, 
- 
1 I'j m vj, 5.2.12 
-5l 
Averaging over all directions and replacing v 
2-  









where M (E € 
2k -T 1 i2k'TcJ 
The constant A can be determined by integrating In 
the velocity space, since the electron concentraiOfl 
is given by 
00  N 4ffo(v)v2av  
0 t 
_____ 
For the particular case ,>>< (i.e.  E< • 
Margenau has shown that is 1111axwellian and is 
given by 
XJ 5.2.17 
Corresponding to a temperature 
The current density ptoduced by the microwaves 
is given by 
.fsi)d 5.l. 
-52 
On substituting the values of 1,  and. 
I 
given by equations 5.2.10. and 5.2,11. for 









(The fanctions ( VnI) Kx1 ) have been tabu1aed 
by Dingle et al (1956) for a wide range of the 
argument.) 
For the particular case )0 (i.e., small 
collision frequency) equation 5.2,2-)* reduces to, 
16 
- 
He2(kT : N 
- 3 2j •J 
5,2.21. 
The imaginary part of equation 502.21. is 
identical o the imaginary part of equation 5tie6o 
for 
Comparing the real parts, we must have 
NP lb N€ I IKT \ 5,2.22, 





However, the number of encounters per second is 
given by 
mean thermal velocity which for a 
mean free path 
-53— 
Maxwellian velocity distribution Is 
4 (KTQ2 
= —( 5.2.24. Xe \2JWJ 
so that the apparent collision frequency . in an 
Isothermal plasma (TTc) Is of the same order. 
as the frequency of encounters with gas aton 
Equation 5,.20. Is rather limited In 
application, because of the restriction )'O'- 
applies only to a Maxwellian velocity distribution 
and as shown by equation 5.2.18, the electrons are 
in thermal equilibrium with the gas atoms. 
If the above restriction Is not satisfioi 
and the electron temperature will be greater than 
the gas temperature due to the energy absorbed from 
the microwaves. This can be used as a criterion 
to determine If the microwave probing signal Is 
disturbing the discharge being studied. 
It 
-514- 
53. The general ease for any specified distribution 
function. 
In the analysis outlined in the last section 
Only two processes were considered to contribue to 
the energy Of the electrons, the absorption of 
microwave power and collisions with the gas aons. 
For low microwave power levels the results oba1ncd 
therefore refer to Uie ease of electrons in thcinial 
equilibrium with tLile gas atoms However, in a 
practical case there may woll be some other source of 
energy (e.g. a steady electric field) so that the 
electroa temperature may be grea;er than the gas 
temperature and in fact the electron velocity 
distribution function may not be Maxweilian, 
Margenau (1958) has extended the analysis to 
allow for any distribution function and any relation 
between collision frequency and electron velocity. 
He has shown that in the general case the 
complex conductivity is given by 
Ne 5. rm 'ml 
where -. 
3 ~~7) ~V 
f
OD 
j( v)çV 3 )d v 5.3.3. 
provided that 4kf(v) v 1v I 
4
(v) is the isotropic distribution function due 
- 55 - 
to all sources of energy excluding the microwaves. 
If \) is independent of v equations 5.3.2. and 
5.3.3. lead to the simple Lorentz result for any 
arbitrary distribution function. 
It is more realistic to consider the case 
constant mean free path, then - "P For electrons 
having a Maxwellian velocity distribution function-
corresponding to a temper a ;Co ur 
M " 7'2- Y- Tk 5.3.4.~ 
Fang (1959) has expressed the corresponding values of 
I and L2 in terms of the functions tabulated by 
Dingle et al (1956). However, in terms of the 
functions used in equation 5.2.20, the complex 
conductivity is 
= ± [ 5.3.5. 
where X 7, = and Is the collision frequency 
correspondin, to V V 
/ T 
But since  
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Equation 5.3.6, Is almost identical to equation 
5,2.20. but € replaces T. We see therefore th 
equation 5.2.20, can be applied to electrons of any 
temperature provided that the excess electron energy 
Is not due to the effects of the microwaves. 
For electrons uniformly distributed In eiergy 
Up to some maximum value corresponding to a velocity 
V(  and collision, frequency ) Margenau has shown 
that the Lorentz result Is applicable It 
Is replaced by 
If all the electrons have the same energy, then 
N j [(A/  -1 'L Z I 5.3.7. 
5. CoiarIson of the various results.  
Since the distribution function is generally 
I unknown In practice, e and for some, regions of a d.c, 
discharge it Is certainly not Maxwellian (PrIni and 
Farvis, (1955)), J t Is convenient to use the simple 
Lorentz result for the complex conductivity. 
It is therefore necessary to estimate i.ne errors 
which might arise from this aesumption when the 
electron velocity distribution function has the 
various forms considered above. 
The Iaxwe1lian case has been considered previousi 
by Margenau. and Stlllinger (1959) and Pang (1959). 
- 57 - 
The values of .-L1 and wI correspondini to 
equations 5.1.6., 5.36, and. 5.3.7. are plotted as 
a function of (V) in Figures 5.4.1. and 5.4.2. 
respectively, 
It can be seen that these functions are 
relatively Insensitive to the form of the velocity 
distribution function, Microwave measurements 
therefore yield little information about the velocity 
distribution function, For &V the values of til 
given by equatins 5.3.6. and 5.3.7. differ froii the 
Lorentz result only by about 10:, The error is much 
greater for extreme values of in the case of L.iL7  
the difference Is approximately 30r' for L3--) and 
decreases rapidly as increases. 
In practice the real and Imaginary parts of the 
Conductivity are measured, while the electron 
concentrat1o, veloc1ty distribution function, and 
collision frequency are unknown# kiowever, referring 
to equation 5.1.6* we see that, if the Lorentz 
result is applicable = (_W 
V = ) 
The electron concentratik.)n can then be ;onvenient1y 
determined, from the Imaginary part of the conductivity 
since this can be more accurately measured. 
For £i) hIs has the effect of reducing he 
error In the calculation of electron concentration. 
For example, if all electrons have the same energy 
and = 2. the correct value of (  
approximately 2.75 (See Fig. 5.4.3.) while equation 
I 
10 0•I 
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5.1.6. gives a value of 2. From figure 5.4.2. the 
correct value of is 0.81 and the Lorentz result 
gives 0,80. 
It has been shown above that eouatiOfl 5.1, is 
I 
 applicable for any electron velocity distribution 
function if ') is independent of v,. However, the 
collision cross section for helium is constant for 
electron energies up to a few electron volts 
(Hishfie1d and Brown, 1958) so that 
'-' C>& V 
In this case, even when all electrons have the same 
energy the use of equation 5.1,6& leads to an error 
of only approximately 25"' in(), for 1P In the 
range I - 10 (which is the range appropriate to 
these experiments) while the error in the calculated 
electron concentration is negligible. 
During the latter stages of recombination 
in an 
Isolated discharge the electron velocity distribution' 
function will bend to be Maxwelliafl and equation 5.3.6* 
will apply. However, if the distribution function is 
unknown the Lorentz formula will yield reliable 
values for the electron concentration while the 
calculated values of collision frequency may be 20'. 
to 30 high in some extreme cases. 
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CHAE}L 
Dielectric Post Theory 
The method used in these experiments to obtain 
valuss for the discharge parameters relies on the 
measurement of the microwave admittance of the (Ii.scharg 
considered as a dielectric post across the waveuide. 
The results disc u:sed In Chapter 5 give the discharge 
parameters N, ) end T in terms of the com'].ex 
dielectric cOflTaflt or conductivity of the di;3:1rge. 
A relation between the microwave admittance and the 
dielectric constant of the discharge is therefore 
required before the discharge parameters can be 
calculated. 
6.1. AnAppoxImate Eouatio 
In siirIlir experiments on a d.c. discharge 
Prime (1952) has used a result due to Frank  
which is also given by Montgomery et al (1948) and 
Moreno( 1948). 
Prank's result was obtained for a centred 
dielectric poet using the method of images, which 
reduces the problem to that of an Infiniie graing 
of paraLlel dielectric rods, or a poet of small 
diameter the equivalent circuit is a sirnj4e shunt 
admi stance across the wavegulde. 
According to Prank the shunt admittance is given 
by 
6.1 
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Lr —fft) 147 JJ 
The function is almost linear and can be 
represented by, 
j(2- ) = - 1.•77 22l4 6.1.3. 
Substituting this result in equation 6.1.2, yields, 
lf'c 
R ) E,.. = 6,1.L1•  
2-LO + I - -7 -7 5- 94] 
For a 7.5 nri, dianeter post in V.G. No.10 at X = 10 cm 
equation 6.1.4. reduces to the simple equation, 
4o7 
4-2 
Frank states that equation 6,1.1. is valid provided 
that However, Montgomery gives equation 
6.1.1, along with the restriction  
- 
Pr1rrhas assumed that the restriction given by Frank 
is sufficient. For the discharge tubes used in this 
21tR\ 
case (R = 3.75 nim., X = 10 cm.), ( ) = 0.055 so 
that this restriction would be satisfied, but since 
may be of the order of ]D; for reasonable electron 
concentrations the more severe restriction given by 
Montgomery would, be violated. 
- _ 
Frank (1959) has suggested that the range of 
application of equation 6.1.1. could be investigated 
by measuring the microwave admittance of dielectric 
posts of known dielectric constant. Unfortunately moA 
common materials have a dielectric constant of the 
order of 32 with the exception of water. Seine of the 
hydrocarbons have dielectric constants of 10 to 20 
but they all have marked absorption in the microwave 
region and reliable values for their dielectric 
constants are not available. 
Experimental resuls obiainea for water 
2 ( €- = 771 Marcuvitz (1951a.)) and perspex (- ..24) 
gave values of 6-= 67 - j63 and c= 1.6 - j0.2 
respectively, afLer substitution in equaLion 6,1.4, 
This indicaies that the error is much greater for a 
large dielectric constant (although this may be partly 
due to leakage through the holes in the waveguide 
walls) and it seems that the restriction given by 
Frank Is insufficient. 
Further, if there is no dielectric post so that 
09 then from equation 6.1.4, - Q. In fact 
we should find = 1 Alternatively, If is assumed 
to be unity we find finite. Prime has argued that 
this admittance Is clue to the displacement current 
produced in the post when E-= 1. This argument must 
be false since a dielectric poet with = 1 produces 
no dIscontinaIy in the wavegu.Ide and no admiance 
could be measured experimentally. 
Equation 6.1.1, cannot be alied to the present 
problem as the restriction (2R)1 would not 
-E4- 
be satisfied, but it seems that there may also be some 
doubt regarding the general validity of this result. 
6.2. The General Equation. 
The problem of a conducting post in a rectangular 
waveguide can be solved by replacing the post by a 
suitable current system in the position of the post 
axis (Lewin, 1951). The current distribution must be 
chosen so that the fields produced at the surface of 
the post by these currents and the incident wave satisfy, 
the boundary conditions. The principal mode produced in 
the waveguide by this assumed current distrfbwion can 
then be calculated and combined with the incient wave 
to give the transmission and reflection coefficients 
for the post A suitable equivalent circuit can then 
be deduced. 
It may be po3sib1e to extend this method o 
Solution to cover the case of a dielectric post although 
the boundary conditions are not so simple as for the 
perfectly conducting post and the solution would be more 
difficult. 
An alternative approach is the direct solution of 
the field equations satisfying the boundary conditions 
for a dielectric post in a rectangular waveguide, This 
latter method has been used by Schwinger (Marcuvitz 
1951.b,), 
The resu1s, which are given below, are for a jost 
of radius R placed a distance x from he waveguide wall 
-65— 
and parallel to the electric field in the waveguiCA  
The equivalent circuit takes the form of a T-network 
with normalised shunt arm impedance i,,  and normalised 














and se = k(2--nk K 01, 
.42 
 
For a small diameter post () < O(sayt  
or E close to unity, is neg1igib, so that 
aE) zz- O2J73 ± oo75 
0 
6.2.6 
- 66 - 
the equivalent circuit reduces to a s1xrp1e shunt 
admittance. For a centred poet (x /) this 
18, I  











Rearranging equation. 6.2.4. we obtain, 
C4 Tj 
_ 
3) J0Yo) [SJ4_] 6.2.5, 
OL 
Substituting the constants for a 7.5 in, diameter 
d1schare in W.G. No.10 at Wo  = 10 cm. (see Appendix B) 
we obtain, 
Now if P 4<1 we can approximate the Bessel 
functions by the first term of the series expansions 







This Is of similar form to equation 6.1.5. derived 
67 - 
from Frank's result. However, if E = 1 In equation 
6.2.7, = 0 as we might expect. 
Unfortunately, equation 6,2.4, gives the 
microwave admittance for a post of known dielectric 
constant, In fact the dielectric constant is the 
unknown in this case and a solution to equation 6.2.6. 
must be obtained for known values of the admittance, 
6,3. Solution of the general equation. 
Equation 6.2,6, cannot be solved directly. iiowever 
If a suitable range of values for the real and 
imaginary parts of 13 Is chosen and the corresponding 
values of admittance are calculated using equation 
6.2.6. then the dielectric constant corresponding to any 
measured admittance can be obtained by interpolating 
between these results. The microwave admittance 
corresponding to any chosen value of complex dielectric 
constant can be readily calculated with the aid of a 
digital computer. 
In practice the imaginary part of the dielectric 
constant Is always negative, while the real part may 
be positive or negatI'e depending on the electron 
concentration, Thus €'v- always lies In the third 
or fourth quadrant of the complex plane, 
and so 13 will always lie in the second quadrant, so 
that the real part of P is always negative and the 
imaginary part is positive. Thus  
Assuming that and expanding the left hand 
side of equation 6.2.6. about -1 using Taylor's 
theorem (see Appendix B1), 
J0( ?) j [ I 
+ 












If <jx substitution of j m for and - 
for L4 will give the corresponding expansion 
about W 
Since = and. Jjw) where 
IO(tA) and are modified Bessel functions 
of imaginary argument (Watson, 1952), equations 6.3.2. 
and 6.3.3. become, 
- -I + 






The imaginary part of the dielectric constant is 
normally small so that I j E so that 
• and equations 6,3.4. and 6.3.5. must be used. If the 
collision frequency is high or te electron concent- 
ration is low so that > equations 6.3.2. 
and 6.3.3. will apply. 
Preliminary experiments indicated that the 
electron concentration was unlikely to exceed 
1018  electrons/metre3, while the collision frecuency 
— 70 — 
was of the order of 1010/sec. Then equation 5.1.6. 
gives 
L 
_________ 1 • 
and 
N 2 ') 
M E0(i+ ))) 
so that E.- 's.' $0 
and P = 
In the computation values of have been t1cn 
in the range 0--2in steps of 0.05 and values of '-
in the range ô-'i in steps of 0.01 and 0.02. 
An autocoie prograiiune has been prepared for the 
Pegasus digital computer to calculate the admittance 
corresponding to each value of P and w' In the rarigeel 
given above. A copy of the progr e uiogether with the 
tabulated results is given In Appendix B. 
The series expansions given in equations 6.3,2. — 
6.3.5* converge rapidly and a preliminary programme 
cheek showed that terms of higher order than 
or can be neglected. The Bessel functions are 
calculated from the appropriate series expansions, 
four or five terms being sufficient. In order to 
simplify the prograne both forms of the series 
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expansion for 1 LI! have been computed 
Jd) 
and the corresponding values of given by equation 
62.6, tabulated. The appropriate solution for > k 
or >Q being selected by inspection. 
The relevant results are plotted in Fig, 6,3.1. 
For large values of in the real part of the admittance is 
determined largely by the value of , while Wt controls 
the imaginary part. The locus for =a = 0 23 
would of course pass through the origin, corresponding I  
to  
The corresponding plot Of Cr against 
obtained, from Fig. 6.3.1. by interpolation, is given 
in Fig. 6.3.2., which can be used to give the complex 
dielectric constant directly from the measured I  
microwave admittance. As might be expected the real 
part of the dielectric constant tends to control the 
susceptance and the imaginary part the conductance. 
The interpolation required to obtain the results 
of Pig. 6.3.2* could be cvoided if the values o 
and \ correspflding to any given value of - 
calculated as part of the programme and then 
substituted in Equation 6.2.3., but at the time of 
these calculations this was considered an unnecessary 
complication, 
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Chapter 1 
The Experimental Results 
7.1 • Accuracy of the microwave me asur emen 
The accuracy with which the microwave admittance 
of the discharge can be measured is limited by Ghe 
residual v.s,w.r, in the system. In practice the 
residual v,e,w.ro was approximately 0.98, which could 
lead to an error in the normalised conductance or 
susceptance of the order of 1  0.02. Referring to 
Fig. 6.3.2. the corresponding error in or 
is of the order of 1  0,2. 
The v.s.w.r, is obtained from results similar 
to those shown in Fig. The magnitude of the 
v.e.w,r, can be obtained with negligible eiwor, but 
there may be an error in the measured position of the 
minimum. In these experiments the admittance measured 
I represents the admittance of the discharge itself plus 
the admittance of the pyrex tube and matched wavegu.ide 
system. The normalised suaceptance varies over the 
range 0 -- -1, while the conductance varies from 
0 -- 0.5, and the pyrex tube has an admittance of 
y = 1.00 + j0.125. 
In this region of the admittance chart an error in 
the position of the minimum has little effect on the 
susceptance, but leads to an error in the conductance. 
For example, an error of 0.05 cm, ( "-I 0.0035?.) in the 
position of the minimum would lead to an error in the 
conductance of the order of 0.019 equivalent to an 
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err)r of 0.1 in 
Errors Introduced in reading the admittance chart 
or determinIn; €. from Fig. 6,3,2, will be small 
compared with the errors discussed above, so that the 
error in and should not be much greater than 
± 0.2. For reasonable values of electroa concentration 
and collision frequency this might correspond to an 
error of the order of l0.. 
The v,s.w.r, produced by the pyrex tube in W.G. 
No.10 Is approxImately 0.86, while the tube mounted in 
the binomial transformer gives a value of 0.88. The 
normalised admittance should of course be unchanged. 
Allowing for the residual v.s.w.r. of 0.98 this result 
16 satisfactory, 
As a check on the accuracy which could be obtained 
a measurement was made using a section of discharge tube 
filled with perspex ( = 2.22 + jO). The measured 
admittance was y = -0.01 + j0.140. Positive values 
of susceptance are not plotted In Fig. 6.3.2., but 
referring to the table of computed values In ;ppendix 
B we obtain the value of = 2.31 - jo,099 which is 
within the limits of error discussed abovo, 
Referring to equations 5.1,6, and 5.1.7., 
t3 
Values of collision frequency calculated using this 
result may therefore be in error by about 20:T, However, 
the real part of equation 5.1.8. leads 
N - (i - E) E( I + 7.1.2. e 2- i-3 b 
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In these experiments < I so that the accuracy 
of the calculated values of electron concentration is 
limited by the error in C,- 
The electron temperature can be obtained from 
equation 5.3.6., since 
= - € 
x2 /7C x 1 I 
19 7.1.3. 
where .x 
2. Te  
is plotted as a Thncton of X.. n 'ig. 7.1.1. 
In this case the accuracy will be of the same order as 
that obtained for the values of collision frequency, 
although for large values of the error will 
be doubled. 
Values of electron temperature deduced from the 
microwave measurements must be treated cautiously since 
the term electron tenerature is only strictly 
a.p1icable to the case of a Maxwellisn velocity 
distribution function. In fact the distribution 
function in the negative glow region of a discharge 
is not normally Maxweilian, although it may tend, to be 
so during the recombination period at the end of the 
current pulse. 
As well as the errors Introduced by the limited 
accuracy of the microwave equipment it 1ut be 
remembered that values of electron conceitrctIon 
obtained are average values over the cross section and 




x2 op 20 
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hand the values of recombination coeffic1eit determined 
from the decay of the electron density may not be 
greatly affected by this averaging process since the 
recombination coefficient will tend to be constant 
throughout the re ;ion. 
It has been, aho\m in sQction 5.. that the 
microwave probi.r _Tiia,',, disturb the dischurge and 
increase the electron temperature If the power level 
used is too high. In order that thi s effect may be 
made negligible the microwave field strenth must 
satisfy the condition E JMe2  
which gives E .< 2OOV/. for helium at 3()00K. In 
fact the microwave power level was less than - 30dB. 
with respect to o,iw., corresponding to E..iC V/rn., 
so that this condition Is satIsfid. This has been 
confirmed by measuring the admittance of the discharge 
for two microwave power levels. As no difference coul 
be detected it can be assumed that the microwave 
signal has a negligible effect on the properties of th 
discharge. 
Another possible source of error is leakage of 
microwave power through the holes In the wavegulde 
walls. Quarter wavelength copper sleeves were fitted 
over Lhe discharge tube just outside the waveguide, 
but no difference In the v.s.w,r, in the waveguide 
system could be detected. It has therefore been 
assumed that leakage along the axis of the discharge 
tube is also negligible. 
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We can therefore conclude that the values of 
electron concentration calculated ma, bo suLject to 
errors of about l.j . 0alcüated values of collision 
frequency and electron temperaure are not likely 
It 
to be so accurate due to the error in £r and the 
fact that the velocity distribution function is 
unknown. 
• 2 • The Experinient a±l Measurements  
Microwave measurements have been made in the 
negative glow region of pulsed discharges in heliu 
for gas pressures in the range 5-l5 mm.IIg. Gettered 
tubes of the type described in chapter L. were used, 
details of the various tubes being as follows. 
Tube 1 Gas pressure = 5 nrn. Hg., Molybdenum electrode 
Tube 2 Gas pressure = 10 rmn.IJg,, Molybdenum electrodes 
Tube 3 Gas pressure = 15 mm.11g., Molybdenum electrodo 
Tube 4 Gas pressure = 10 znrn,Hg., Tungsten electrodes 
The tubes were operated with a d.c. maintaining 
current of approximately 25OA  and rectaiular current 
pus of a few milliaxnps were superimposed. The 
pulses being approximately 6140 sec long with a p.r.f. 
of 12.5 per second. 
Typical voltage and current waveforms are shown 
in Figure 7.2.1, which refers to tube 4 for a peak 
current of 6 mA. In (a) the current waveform is shown 
along with a zero and 14 mA calibration (brightness 
modulation by 40 ti see time markers), while (b) shows 
Figure 7.21. 
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the leading edge of the pulse (1 taec. markers) and. 
(c) shows the trailing 5dg.e. Figures 7.2.1 (d), 
(e) and (e) are the corresponding voltage waveforms 
along with a zero and '1.73 KV calibration. 
The microwave measurements have been 
supplemented by measurements of the light output 
from the discharge. Using a double slit system to 
sa=le the intensity over a 1/8w  length of the tube 
several volts output can be obtained from a 931-A 
photomultiplier tube with an H.T, voltage of 750 --
1000V and a load resistor of lOK.rL • The slit system 
can be scanned along the tube to study the axial 
variation of light intensity, which is illustrated 
in Figure 7,2.2. (brightness modulation by 10 jsec 
markers). 
In the negative glow the interisit; voiation 
is of the form shown in Figure 7.2,2,a (reduced gain). 
In the positive column the mean inteneit varies 
along the axis of the tube due to the presence of 
stationary striations (See F13.4.3.2.), but large 
amplitude oscillations of the type observed by 
Donahue and Dieke (1951) are also pro These 
oscillations are quite stable at the negaive end of 
the positive colurrn'i and advance in phase uwade the 
anode, but they become unstable near the anode end of 
the tube (Figure 7,2.26g). The period of these 
oscillations appears to be directly proportional to 
gas pressure. At 10 mm.Hg, pressure the oscillations 
- 
( c x = . cn. 
"rs 3ri: L00. 
x = 
•" I' iiw.ui. 
( e) :c = ( c. 
'3ecDnd Ttrivon. 
osi Live oi'.unn. 
1J ci::. 
urn. 
'.X rn j.::-(,ci1e. 
Pjg,7.2.2. Variation in light intensity along the axis of a pulsed 
discharge In helium at lOmm.Hg. pressure. (Tube 2 9 1 = lurnAj. 
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have a period of appro;Imately 50 psec, and the 
phase advances bY 3600  In travelling 2 cm, towards the 
anode, co!responding to a. phase velocity of approxim-
ately 400 metres/sec, towards the cathode. ¶therumber 
of cycles of oscillation jiresent is constant along the 
length of the tube, which suggests that they are due 
to some form of standing wave pattern, These results 
are sirrillap to those obtained by other research 
workers (Francis, 1956). The distance bewecrt the 
moving striations is approximately 2 cm, compared with 
1 cm. for the fixed striatIcr. This is consistent 
with the results obtained by Donahue and Dieke who 
found moving = 1 or 2 x stationary., 
The electron density In the positive column is 
too low to a.1ow accurate microwave measurements .to 
be made but an indication that these osciilation8 are 
accompanied by large fluctuations in clecron 
concentration is given by the v.s,w.r, probe output 
signal as shown in Fig-are 7.2., 
The variation In electron concentration In the 
negative glow region during the rico of the current 
pulse Is cILILomn in Figure 7.2,4, along with the 
corresponding variation In light intensity, voltage 
and current. 
The light intensity durini the 1aLter part of the 
current pulse is plotted as a function of peak current 
in Figure 7.2.5. and typical axial variations of 
light intensity and electron concentration are shown 
In Figure 7.2.6. 
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7.2.3. jg 7.2.10. 
Fig, 7.2,12a. Fig. 7.2.12b, 
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At the end of the current pu.lbe the electron 
concentration, collision frequency and electron 
temperature fall off as shown in Figures 7.2.7. - 7,2.9+ 
but the light intensity rises to a maximum before 
railing to the value corresponding to the maintaining 
current. This afterglow is illustrated in Pigure 7.240 
The magnitude of the increase in light intensity depend 
upon the current snd distance from the cat1ode, but it 
is of the order of 120, 10 and 70. for pressures of 
5, 10 and ].5 ma,Hg, respectively. The corresponding 
times for the intensity to fall to its initial value 
being approximately 50, 28 and 17 p.sec., so that the 
"lengths" of the aferglow is inversely proportional 
to pressure. The total light intensity during the 
afterglow is plotted on a log-log scale in Figure 7,2.11. 
Some spectroscopic measurements in the re 
36000A - 6000°A have been made to deterirLne the 
behaviour of the individual spectral lines during the 
period of the afterglow. A sGandrd grating 
spectrometer was used with a slit width of approximately  
1 irm,, which was small enough to resolve the closest 
lines while giving a reasonable intensity. A 931-A 
photomuitipiier tube was zaouritd in place of the eyepiece  
and the output from a 47KM.. load, resistor was fed to 
the oscilloscope through a si1a10 'R-C filter with an 
Integrating time constant of 2 gsec, tue to the low 
light intensity the signal to noise ratio obtained was 
rather poor, but the results are sufficient to indicate 
FIG.7.2.7. 
A TUBE  3 4mA. 
B I 6m A. 
C •' 2 6mA. 
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the time variation of the individual lino. 
(Pigu.re 7,2.12a). 
Figure 7.2013 gives the relative xnagnitxIo of 
the prominant spectral lines during the latter part 
of the current pulse, while the corresponding ratios 
of the maximum afterglow intensity to the intensity at 
the end of the current pulse are also given. (These 
results are approximate and take Into account the 
spectral response of the photomultiplior tube.) 
The 50160A line shows no Increase during the 
afterglow period and the Intensity increases more 
rapidly at the start of the current pulse than in the 
case of the other lines studied. These effects are 
shown in Figure 7.2.12b, 
In the positive column all the spectral line 
intensities tend to follow the current waveform and 
no afterglow can be detected. 
7.3. Di8cssIc?n.of the results 
In these experiments rectangular current pulses 
have been superimposed, on the u.c. maintain current 
through the discharge. However, the systeri oandwidth 
Is finite and any change in discharge current rrxuat be 
I preceded by a change in applied voltage. In attempting 
to force a step of current through the discharge the 
applied voltage will rise at the maximum rate possible,' 
limited by the system bandwidth and in extreme cases by 
the maximum voltage available. On the other hand, 
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the discharge current is determined by the average 
electron concentration and the electron drift velocity 
neither of which can change instantaneously. The rise 
in current will therefore be delayed with respect to 
the applied voltage 
Considering the case for 'hieh results are shown 
in Figures 7.2.1. and 7.2.4.1 the initial voltage rise 
is 1 -- 2kV. at 10 mm, Hg. pressure* For a 20 cm. tube 
the rise In E/p is therefore 5V cm 1  (rrirui.Hg.) 1. 
Bradbury and Nielsen (Loeb, 1955b)  g1ve correspozft 
rise In the steady state drift velocity as .106  cxw'se4. 
Under transient conditions the increase will be 
considerably less, say 106cr/sec. An estimate of the 
time required for a signIIcant increase In electron 
concentration to occur can be obtained by considering 
the time for an electron to be accelerated through the 
ionisation potential of the gas ( ' 214V). For E 
50V/cm, this would require about 0.5 p.sec., so that It 
would take several microseconds before any appreciable 
increase In current could occur. 
In practice there is a small initial current 
rise on a..plIeatIon of the voltage pulse which is 
probably due to the Increase In clift velocity. This 
is followed after about 5 gaec. by a rapid increase to 
the peak pulse current (Figure 7.2.14.) This delay in 
the current waveform increases with gas pressure 
corresponding to a reduction in E/P 
The cathode fall potential will be high and the 
electron concentration will not reach its final value 
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until emission processes at the cathode reach a steady 
state, Cathode omission is controlled by the 
relatively heavy positive ions and the time required 
will therefore depend upon the positive ion mobility 
Chanin and. Biondi (1954) give P for helium 
10 cir?/V.sec. Assuming the cathode dark space to 
be - 0.5 era, across and taking E -'-' 1000V/c:n. positive 
Ions would take about 50 Asec# to cross the dark space 
to the cathode. In fact the electron concentration 
takes about 100 psec# to reach a steady ste (Figure 
7.2.4.) and the tube voltage remains hi:h during this 
period. 
The light intensity, which will be due largely to 
direct excitation, will depend on both the electron 
concentration and electron tenerature ij jj, 
therefore lags behind the rise in electron concentratIon. 
The small initial rise in Intensity corresponding to 
the initial rise in discharge cirrent can be accounied 
for by the excitation produced by the increaod 
electric field strength. 
The orillatory form of the current waveform 
indicates that large changes of dynamic impedance 
occur during the initial part of the pulse. 
The Increase in electron eoneexiration end light 11 
Intensity In the negative glow are therefore 
controlled by the cathode emission, while the fact 
that the final steady state current Increase Is due 
largely to an increase In electron concentration is 
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verified by the linear inneity - v - current plot 
of Figure 7.2.5. 
The axial variation of light inemiity and 
electron concentration are siznilt'r, (?igue 72.6), 
although the varlawion in elec oron cone ttraLion is 
not so marked, This may be partly due t: the different 
axial resolution of the two measurements, but it 
seems reasonable to assume that the eleclron 
concentration near the cathode exceeds 1019/m3. 
The axial variation of collision frequency i2 not so 
great but there is a maximum near -U-he oat-'node, 
During the period o. he curren& pulse the 
electron teuiperaure will be high, This will also 
be the case under steady state condition with the 
maintaining current alone. However, inediate1y after 
the end of the current pulse there will he a large 
excess in the electron concentration. The electron 
temperature will fall towards the gas temperature 
and recombination wiil take i1re. The tube voltage 
required during this recombination period -'-iii J1 be 
lower than the normal maintaining value thic c the 
excess electron concentraiion. (See ±i'ure 7.2.1.) 
Since the maintaining current is much less than the 
peak current it will, have a negligible effect during 
the initial stages of recomb:Lnation. 
In addition to volume recombination axribipolar 
diffusion will also be present. Diffusion of this type 
is characterised by a time constant ( = 
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where L is a characteristic dimension 011  the 
containing vessel and D is the =bipolar diffusion 
constant. For helium Biondi and Brown (1949a) give 
= 54C cm /sec at 1 mm, Hg, pressure. Taking 
L - r 0.3 cm, and p = 5 rnm.Hg, we find T - 1 rn. sec, 
Since these measurement have been restricted to the 
first 200 psec. after the end of the current pulse 
the effects O.i wibipolar diffusion will be small end 
volume recombination alone will be significant. 
If recombination only were present th. light 
intensity would be proportional to l/t2, In fact this 
is not so, the intensity rises to a maximum following 
the end of the current pulse (Figure 7.2.10) before 
falling to the value cori1esponciin: ta the naint1ning 
current, while the electron concentration tends to 
remain constant (Figure 7.2.7.) This effect is in 
some respects similar to the afterglow observed in 
recombining plasmas produced by high power microwave 
excitation, (Goldstein, 1955) although the mniLude 
of the effect in this case is much greaer. Biondi 
has in fact observed an increase in the eLotron 
concentration following the removal of the 
excitation (Johnson et al, 1950). 
There are several processes which mi;ht produce 
this afterglow effect. Firstly,the high temperature 
electrons must lose some of their energ' to the gas 
before recombination occurs. PhclpL et Li (1951) 
estimate that in helium the electrons coo], to within 
10 of the gas temperature in a time 90/p jtsec. It is 
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evident from the results shown in Figure 7.2.9. that 
the electron temperature takes much longer to decay in 
these experiments. 
The values of electron temperature calculated 
depend upon the value of QeP  the collision cross 
section for electrons in helium, Von Engel (1955), 
Hirshfield and Brown (1958) and others give 
Q6  = 20 cm(mm.Hg) for energies up to several 
electron volts. This value leads to the results in 
Figure 7,2.9, 
The initial values of electron temperature 
measured seem rather low, but as discussed earlier 
there are several possible sources of error, however, 
the results do seem to be of the correct order of 
magnitude at least for t> l) psec say. In passing 
it should be mentioned that the measured values of 
collision frequency (Figure 7.2.8.) decay in a similar 
manner to the electron temperature, and the collision 
freauency appears to be roughly proportional to gas 
pressure. It is evident that the decay of electron 
temperature alone is not sufficient to explain the 
large increase In light intensity during the period 
of recombination, 
Goldstein (1955) has suggested that afterglow 
effects of the type observed can be explained on the 
assumption that metastable atoms in the deccring plasma 
are further excited to a short life radiating state, 
leading to the observed Increase in intensity, As 
metastables in helium may have a lifetime In excess of 
98 - 
10 see. (von Engel, 1955) this process may be 
significant in this case. 
Spectroscopic examination of the individual line 
intensities in the range 3000 - 6000°A gave results of 
the type shown in Figure 7.2.13. Generally the weakest 
lines tend to show the greatest afterglow, while the 
3'? - 213 transition, which leads to metastables, 
shows no afterglow. Biondi (1960) has made measurements 
in the range 45000A - 60000A of the afterglow obtained 
from discharges excited by high power microwaves. He 
finds that all the lines first decrease in intensity 
for '' 100 ii.sec, and then Increase for several hundred 
microseconds, but the effect is of much lower Intensity 
than in these experiments. According to Biondi the 
effect is due to metastables being raised to a 
radiating state when struck by energetic electrons, 
which are themselves produced by metastable - 
metastable ionising collisions. 
He + Hem ..-..He+ + He + e(energetic) 
Thus m He + e(energetic) -- He + e 
The excited He then decay by emission of a quantum. 
At the same time the atomic Ions are converted to 
molecular ions by three body collisions. 
He 
+ +2He —.-He + 2+He 
The molecular ions then recombine dissociatively 
according to the mechanism proposed by Bates (1950) 
+ He2  + e -a- He + He + Kinetic Energy 
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Biondi has verified that the motastables concerned are 
in the 21 S state (Loeb, 1955c). This would give 
rise to a line spectrum during the afterglow. Biondi 
and Johnson have found that at similar pressures the 
afterglow radiation consisted mainly of band spectra 
due to He2+, but o*ily the line spectrum of atomic 
helium has been observed in these experiments. 
According to Goldstein et a].. (1953) the 
recombination coefficient shows a marked temperature 
dependence. It is therefore possible that the 
observed afterglow is caused partly by a large increase 
in the recombination coefficient due to a reduction in 
electron temperature, but the results of Figure 7.2.90  
seem to indicate that the temperature decays only 
slightly during the initial afterglow. It may be that 
the reactions suggested by Biondi are sufficient to 
account for the effects observed. Certainly the 
presence of air as an impurity, which might destroy 
the metastables due to the Penning effect, removes all 
trace of the afterglow. The difference in the 
magnitude of the effect might well be due to the 
initial level of excitation. However, there romaine the 
anomalous effects associated with the 50160A line, 
which increases more rapidly at the onset of the 
current pulse and has no afterglow effect. It would 
be necessary to use more sensitive equipment to study 
accurately the time variation of the various line 
intensities over a wider range of wavelengths before 
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any firm conclusions can be reached. It would be 
useful for example to examine the behaviour of other 
lines emitted by electrons in transition to the 2'S 
metastablé state. 
During the latter part of the afterglow (say 80 
isec after the end of the pulse for 10 pressure) 
the light intensity decays as 1/t2  (Figure 7.2.11.) 
and the electron concentration as 1/t (Figure 7.2.7.) 
so that recombination is the dominant process. The 
electron temperature at this time may be of the order 
of 103  °K. 
The recombination coeffieint can be determined 
from the slope of the graphs in Figure 7.2.7.,  which 
gives aHe = 1.1 x 108  cm3/lon sec. for the tubes with 
molybdenum electrodes for pressures in the range 
5 - 15 rnrn.Hg. Tube Li., which has tungsten electrodes, 
gives cxHC = 0.88 x 10 8  cm3/lon sec. The difference 
may be due to the presence of the cathode material 
as an impurity. This result is in reasonable 
agreement with the values of 1,7 x 10 cm3/lon Sec. 
given by Blond! and Brown (19Li.9b) and 0.95 X -10 
cm3/ionsec, given by Johnson et al (195u) for 
discharges excited by microwaves, a1thouh Sexton I  
and Craggs (1958) have obtained a value of 
6.8 x 10 8  cm3/ion see, from measurements at 3 cm. 
wavelength. The temperature measurements seem to 
suggest that for Te< 2,10 OIK the recombination 
coefficient is fairly constant (See Figureo 7.2,7. and 
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7,2,9.) 
Having obtained the electron coneentit1on from 
microwave measurements it is possible to estimate the 
electric field in the negative glow region. The 
average current density for a 6rnA pulse is 
approximately l4 rnA/crrP and the electron density is 
1012/cm3. so that the electron drift velocity must 
be -  10 5 cm/sec. 
According to the results of .Bradbury and Nielsen 
this corresponds to Z -- 0.1, so that E ---1V/cm., 
which Is lower than might be expected. In the 
positive column where the electron concentration Is 
lower by one or two orders of magnitude the electric 
field will be 10—'-10OV/om. 
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Chapter 8 
Conclusions 
It is obvious from the discussion given in 
Section 5.4, that microwave probe methods for studying 
ionised gases can be expected to yield fairly 
reliable values for the electron concentration even 
when the electron velocity distribution function is 
unknown. Although it is in many ways convenient that 
the microwave conductivity is relatively insensitive 
to the form of the velocity distribution function it 
does mean that microwave methods can yield little 
information about the distribution function. In some 
respects therefore microwave methods are coilementary 
to conventional probe methods, which c ~ui give fairly 
reliable estimates of the velocity distribution 
function. 
Values of collision frequency can be determined 
within perhaps 5c),,-..error even for an unknown 
distribution function and if the distribution function 
is known to be Maxwellians as is often the case in a 
decaying plasma, the electron temperature can be 
obtained within perhaps 25 error using the dielectric 
post method of measurement. 
The accuracy of the results given in the previous 
chapter is limited to some extent by the residual 
vs.w.ro in the waveguide system. If a grade 1 v.s.w.r*  
indicator had been available a considerable improvement 
might have been obtained. For exairle, a common 
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specification for a grade 1 instruruient is the 
measurement of impedance to better than 
corresponding to an error in normalised susceptance 
of say 0.005 compared with a limiting value of 0.02 
with the present equipment. An improvernent in 
accuracy and sensitivity of half an order of 
magnitude would therefore be obtained. 
The sensitivity of this dielectric post method 
would, however, still be considerably less than can 
be achieved using a discharge tube mounted in a high - 
Q resonant cavity, but it would be difficult to obtain 
the earns time resolution using the cavity method. 
Sexton et al (1959) have made measurements of electron 
concentrations down to 1013/m3., while the limiting 
sensitivity of the dielectric post method appears to 
be of the order of 1017/m3. One of the restrictions 
to the sensitity is due to the possibilit; Oï leakage 
of microwave power along the axis of the discharge tube, 
thus limiting the diameter of tube which can be used. 
The axial resolution obtained in these 
experiments was 1 cm. This could be Improved by 
further reducing the narrow waveguld.e dimension and 
such a reduction would be necessary In order to study 
the electron concentration In the positive column where 
striations are present. One method of achieving this 
would have been to reduce the dimensions of the 
apparatus by operating at X-Band (3 cm.) • This 
would have increased the maximum microwave field 
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strength which could be used, but due to smaller 
waveguido cross section the microwave por level 
would have been reduced, The value ot e, for given 
discharge parameters would also have becu reduced so 
that a cor,Mderable reduction in none it3,vi would 
have res-Alk,ed ftow Lbs use of a higher ciciowave 
frequency* Ambipolar diffusion would be much more 
inortaxit with smaller discharge tubes and it would 
no longer be possible to measure recombination 
coefficients with any accuracy. It therefore seems 
that s-Band is most suited for this particular form 
of microwave probe meaeurerent, 
The sealed discharge tubes described in Chapter 
4 are suitable for long periods of operation. The use 
of the constant current pulse generator gives stable 
operation over a useful life of several hou with 
current pulses up to about 10 mA. amplitude. There 
seems to be 1iztlo difference between molybdenum 
and tungsten as cathode materials as far aa sputtering 
Is concerned, although tunaten appears to be sli&htly 
better frcrn this point of view. 
The microwave results obtained are eu:. iicient to 
give a qualitative picture of the bebavtou of pulsed 
glow discharges in helium and the values of recomb-
ination coefficient and electron concentration 
obtained should be reliable1 The values of electron 
temperature obtained appear to be rather low, but they 
should certainly be of the correct order or magnitude, 
105  
Theuse of light intensity and spectroscopic 
studies with the aid of a photomul&iplier tube have 
been useful in studying the afterglow and the striation 6, 
A more detailed study with more eflitjVe equipment 
and over a wider range of wavelength would no doubt 
yield useful information about their origin and might 
help to explain the anomo].ous behaviour of the 50160A 
lines It Is unfortunate that more details of 
spectroscopic measurements have not been given by some 
authors describing microwave probe Investigations of 
I gas discharges, For example., little undeisanding 
appears to exist of the appearance el he band spectrum 
+ 
of He2 In some experiments, while purely line spectra 
are obtained in others. 
The microwave measurements described, are 
restricted in that they refer only to the negative glow' 
region of discharges in helium, The equipuit and 
methods used could however be profitably ajplied to 
measurements In other regiuns and other gases. The use 
of the pulsed discharge Is particularly attractive 
since It considerably extends the useful life ol the 
discharge tubes and reduces cathode heatin, for large 
I discharge currents, 
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APPENDIX A 
Notes on the Production of the Gas DischargTub 
The construction of the electrodes is described in 
Section 4,1. The molybdenum electrodes were 
electrolytically cleaned using a phosphoric acid 
deplating bath, while caustic potash was used for the 
tungsten electrodes, Each of the electrode supporting 
rods was oxidised by heating to red heat in an air-gas 
flame and a bead of the appropriate sealing glass 
(dl for molybdenum, C9 for tungsten) formed about 
1,5 cm, from the end by collapsing a close fitting glass 
sleeve on to the rod. The electrouee were then 
electrolytically cleaned to remove the oxide formed 
during the beading process. 
The pyrex sleeves fitted behind the electrodc:, 
to reduce the tendency for the discharge to strike 
behind the cathode, consist of L cm, lengths of 6 mm, 
diameter tubes These sleeves have three small pyrex 
protrusions near each end to centralise them in the 
main tube (See Figure i..i,i.) and the ends are ground 
flat. 
The glass used in the construction of the tithes was 
thoroughly cleaned with chromic acid and distilled 
water before use. 
The main section of the tubes is a 30 cm* length 
of 9 mm, external diameter x 7.5 mm, bore precision 
pyrex tube. After sealing off one end of the main tube 
III 
the exhaust arm was added about 1 cm, from the closed 
end at right angles to the tube. One of the pyrex 
sleeves was then inserted and sealed into the closed 
end of the tube. The end was blown open and a 
tubular seal built up outside the tube. (Pyrex /09/011 
for molybdenum electrodes and pyrex /09 for tungsten). 
The first electrode was then inserted and sealed into 
the tube by collapsing the glass seal on to the bead 
previously formed on the supporting rod. During this 
sealing process nitrogen was circulated through the 
tube to prevent oxidation of the electrode. 
The second electrode and pyrex sleeve were 
inserted into the tube and the other end sealed off. 
The procedure for making the metal to glass seal was 
then repeated and the second electrode sealed into 
position. 
Finally a barium getter was fitted in the exhaust 
arm and a constriction formed for sealing off the tube. 
The tubes were given a preliminary test for leaks using 
a high frequency tester and sealed to the vacuum 
system for filling (See Figure 4.2.1.). 
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APPENDIX 
Computer Solution of Die.Lectric Post i'cut1:: 
B.1. Evaluation of the constants 
Referring to equation 6.2.5.9 we have 




t2  L 1 - 
and L2 
In these experiments the bore of the discharge tube was 
7.5 mm., so that R = 3.75 mm. The tube was mountcd in 
W.G. No.10 which has internal dimensions a  
b = 1.3411 , and all measurements were made at a freouency 
of 3000 /s ( = 10 cm..) 
The wave1enth in the guide is given by 







Evaluation of the series involved In S for values of 
n up to 11 = 39 gave T,  = c, 0L73 
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So that S0 = 2°I 0'307 
Substituting titese va1us 
J, W I 





which is equation 6.2.6. 
13.2. Derivation of eQuation 6.1. 
The left hand side of equation 6.2,6, can be 
expanded as a Taylor series 
it 
- - 
'o  ± ( ~ + L, (-f4) + 
where 
____ 
and 0 is assumed to have the 
97 
form P = (- +J ) where k and iA are real and 
positive and 4 > 
Note that J(-z) 
3 I() 
- Z. 
Denoting by J , then 
d 
 (~z )) 
114 - 
T + T 
2. 2] [~L7 
Similarly r 
~2T2+23] 
~CL) =[2 - z+( ~) 
[ô )_(24)(~ ) j_3 
c] 
As shown in section 6,3, is always nogaive. 
Taking this into account will reverse the sign of 
the odd order derivatives, leaving the others unchanged1 






(I ) 4-(444-*~7--) J-:' ~ 
_3J4.2] 
In practice terms of order greater than m are 
negligible. If M>f the expansion Involves Bessel 




/a) - _ 
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13.3. Computer Programme and Table of Results. 
An autocode programme has been prepared for the 
Ferranti-Pegasus digital computer and a copy of this 
programme is included. 
For simplicity both forms of the expansion for 
are computed (assuming and 
the correct solution being selected by inspection of 
the table of results. 
It is convenient to refer to the larger of the 
two variables ( { andt-) as the main variable and the 
smaller as the ai.Liy variable. 
The programme proceeds as follows: 
A value is selected for the main variable (the argument 
of the Bessel functions) In the range 0 I asid he 
Bessel functions () , J, L(), I() re 
calculated from the appropriate series expansions, 
neglecting terms of greater than seventh order. The 
ratios and are then printed out. 
The various derivatives appearing in the series 
expansions for s are functions of the main 
variable and these ratios of Bessel functions and they 
can therefore be calculated. 
A value for the auxialiary variable is then 
selected in the range 0--02 and j computed 
using both forms of the series expansion. The 
I 
 corresponding values of admittance given by equation 
6.2.6. are then calculated and printed out, This 
ll6- 
process is repeated for all the required values of the 
main and auxiliary variables. 
Since the constants associated with the dimensions 
of the discharge tube and waveguide mount appear onl; 
in this last stage of the calculation (the calculation 
of admittance from equation 6.2.6.) the progranmie could 
be easily modified to take into account different 
discharge tube dimensions. 
The results are given below in the form of a table 
with five columns and a number of sections, The first 
column in each section is headed by the value of the 
main variable used in that section, followed by the 
values of the auxiliary variable. The conductance and 
susceptance caic lated from the expansion in ter,-,is of 
are given in the next two columns, while the 
TIW - I 
results obtained using the expansion in terms of 
T0() 
are given in the fourth and fifth columns, In 
addition the appropriate values of LL and 
We) T) 
are printed, at the top of each section. 
Normally , so for values or the main variable 
greater than 0,2 the results given in the last two 
columns will apply. 
Althoggh several improvements could be made to the 
programme they have nt been included as the results 
computed by this method have proved sufficient for the 
present problem. 
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CAS r)!cAR: FOrt4ULA '4 1 TH CE,'-)'-',EL FUCT!CNS OF COMPLEX ARGUMENT 
)W +00310 +0.005000 
j4 
- +0.005000 
+0.000 +0.030000 0.I0266I +0.000000 0.103023 
- 0.050 +0.001805 - 0.1072/0 +0.001813 0.098496 
+0.100 +0.003583 0.121039 +0.003649 -0.084860 
+0.150 +060053.25 0.143795 +0.005531 -0.061939 
+o.00 +0.006996 0.I75Z54 +0.007435 0.029441 
+0,020 +0.010001 +0.009999 
+0.000 +0.000000 -0.102118 +00000000 -0.103565 
+0.050 +0.003612 -0,106820 40.003625 0.099042 
+06 100 +0.007177 -0.120864 t0.007295 -0.085416 
+0.150 +o.oio6o 09144074 4-0.011059 -0.062514 
+0.013939 0.I75I56 0.014966 0.030041 
+0.030 +0.015002 + 0.014093 
+0.000 +0.000000 0.I0I2I3 +0.000000 0.I04470 
+0.050 +09005420 -0.106009 +0.005435 00099952 
+06 100 +0.010769 -0.120333 +0.010938 -0.086343 
+30 150 +0.015978 0.I44003 +0.016581 -0.063470 
+0.200 +0.020983 -0.176713 +0.022438 0.031040 
+0.00 + 0. 0 1 9996 
0.000 +0,000000 0.099945 +0.000000 0.10573 
0.050 +0.007230 -0.104336 +0.007242 c.I01225 
+09 100 +0.014365 0."9445 +0.014576 -0.037640 
±0 0 150 +0.021311 -0.143582 +0.022095 o.o64309 
+0.200 +0.027920 c.175939 0.029C99 0.032438 
+0.050 -:- 0, 0 2499 2 
+0,000 +0,000000 0.093314 +09000000 0.107360 
+0.050 +0.009044 0.103302 +0.009046 0.I02861 
+0.100 +0.0:7967 0.113400 ±0.018206 00089307 
+0.130 0.02665I -0.142812 +0.027597 -o.c6528 
+0.200 TO.034985 -0.176819 0.037344 06034234 
+0.06o +0.330014 ..029937 
+0.000 +00000000 -0.096319 +00000000 0.109345 
+3.050 +08010363 -0.101406 +0.010845 0.104858 
+0.100 +0.021578 -00116597 '10.021826  0.091343. 
+0.150 +0.032002 0.I.41691 Po,o33085 0.068528 
+0.200 +D.3 .044770 -0.036427 
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+0.370 .035021 +0,034979 
T0,000 +00000000 00093959 +0,000000 0.111089 
+0.050 +0.01268/ 0.099146 40.012038 0.107217 
±0.100 +09025199 0.114635 40.025436 0.093745 
cO.337306 0.140320 0.033556 
30 * 0 5 217 1  
0.071107 
+0,206 +0.049030 0.175560 0.039016 
o,o8o +000.303 2 
+0,000 ±0.000000 -000912,1 2 +0.000000 0.It4389 
+3.050 +0.014517 -00096521 +0.014426 0.I09934 
+00 100 +0.028831 0.12314 40.029033 0.096515 
+0 9 150 +0.042746 0.I38393 0.044007 0.073964 
+0.200 +O.05607 0.I7442) +0.039546 0,041999 
±0,093 3 • 3 4495 + 
±3,030 +0.000000 0.033138 +000000j0 '0.11746 
+0.050 +0.010355 0.093530 +0.010206 00113011 
+0.100 +0.032478 0.109633 40.032615 0.099649 
+3.150 +0.048144 0.136223 +0,049435 0.077196 
+3,200 ±0.063I4 0.172933 0.066888 0 0 045375 
a. C) 
+0.000 +00000000 -0.034674 +3,000030 0.t20858 
+0.350 +0.018201 0.090172 +0.017978 o.116443 
0.100 +0.036140 u.roG589 +3.036130 -0.103146 
+3.150 +0.05564 0.1:33693 +0.054338 -0.080803 
±0.200 +0.070237 0.17111 +0.074196 0.049E4I 
+3 120 ±3,360138 ±3.059892 
±00000 +0.000000 -0.076633 +0.000000 -0.128737 
±0.050 +0.021931 -0.082347 +0.021494 -09124372 
+0.100 +0.043518 0.099413 +0.043255 0.111223 
+0.150 +0.004478 0.127574 +0.065557 -0.089133 
+0.200 +0,034511 0.166438 +0.088691 0.057835 
+0.140 +0 0 070172 +0, 0693 39 
+09000 +0.000000 -0.067038 +0.000000 -0.138012 
+0.050 +3.035685 u.373029 +0.024967 0.133704 
+00 100 +0.050981 0.09u762 +0.050243 0.I20728 
+09 150 +0.075511 0.I30024 +0.076143 -0.098934 
+0,203 +0.098926 -0.160333 +0.103002 -0.068063 
+o,r5o +0.030357 +0.079745 
+3 6 000 +0 6 000000 0.056034 +0,000000 0.148664 
+0.050 +3,029503 -09062199 0.02O392 0.144421 
+0 0 100 +0.053545 -0.030629 1057131 0.I3I63 
+00150 +o.o8668 0 9 It1029 +0.336575 o.ttor86 
+00 200 +0.113513 0.152939 0eX17100 0.079002 
- 119 - 
+0.090366 ±0.089037 
400000 ±0,000000 0.043417 +09000000 0.150672 
+00050 +0,033330 -0.049836 40.031761 -0.156502 
f0* Zoo +0,066227 t..o6C990 40.063907 -0.143946 
+0.150 +00093025 00100574 40,096833 -0.122865 
+3.200 +O.I28299 0.144092 40.130958 0.093024 
+0.200 +0.100503 +3 • 09903 
+00000 +00000000 09029239 +0.000000 0.174013 
+3,037328 0.035912 40.035068 -0.169923 
+0.130 +0.074043 -0.055821 +09070557 -0.157611 
+0.150 +0.109555 -0.088637 +0.106900 0.I36944 
+09 200 +D,33I3 0.133327 *0.144551 0.I07700 
+0,220 +3.110671 +0.109340 
+0.000 +00000000 -0.013461 +09000000 -0.183662 
+06050 +00041354 0.020400 +0.038308 -09 184659 
+0.133 +0,0820 -0.041096 +0.077071 0.172611  
+0.150 +0.121300 -0.075195 0.116756 00152393 
+0.200 0.158603 0.II25 40.157853 -0.123793 
+0.243 +313072 +0. 119144 
+0.000 +00000000 +09003950 +06000000 09 04590 
+00050 +0.045469 -0.003266 40.041476 -0,200681 
+0,100 +0.090150 0.024784 4u.083438 0.I889I7 
+3,150 +0.133288 -0,060222 40,126336 0.169182 
+0,200 +0E7436 0,138964 40,1)3843 0.I4t283 
+0,260 +001311E +0. 28914 
+3.000 +00000000 +00023033 +3,300000 -0.221767 
+0.050 +0.049632 +0.015527 0.044566 09217959 
+00 100 +0.098479 o,006851 0.089647 -0.206497 
+09 150 +0.145546 -0.043689 1.135773 -0.187276 
+0 0 200 +0,190104 0.094321 +0.133499 0.I30113 
+0.141390 +0. 133646 
10.000 +04000000 +39343829 +0.000000 -0.240163 
+09050 +0.354003 +0.036019 0.047573 0.236460 
+0.100 +0.107020 +0.012740 +0.095669 -0.225318 
+0.150 +.158104 0 -0.025562 +0.144904 0.206 040 
+0.200 +0.200392 0.07316w 0.195301 -0.130262 
+0.300 +0.151713 -1-0- 143337 
+04000 +0,000000 +0.066385 +09000000 0.259742 
+0.050 +0.058445 +0.058256 +0.050494 -0.256150 
+00 130 +0.115792 +0.034032 0.I0t555 09245343 
+0.150 +0.170993 -0.005304 0.153764 09227234 
+0,200 +0,223091 0.060476 t0.207731 0.201G75 
- 120 - 
+0,30 +3.162084 +0.157936 
+0 6 000 
- 
+0.000000 +0 0 090751 +0 0 000000 0.280470 
±00050 +0.063019 +0,082286 40.053324 -0.276993 
±0.100 +0.124821 +06057070 40.107237 0.260535 
+0.150 +0.134247 +0.015625 40.I02343 0.249019 
+0,200 +0.240241 0,041210 4092E.273 0.224311 
+0.340 .172535 
±0.000 +0 0 000000 +3.116933 +09000000 09302311 
+0.050 +0.067737 +0.133136 o.o56o6o 0.298953 
+0.100 +3,134130 +0.081906 40.112728 0.288857 
±0.197900 +3.00769 0.170629 0.271953 
+3.200 +0.2578S 0.020335 40.230412 0.248127 
+0.132930 +0, 177143 
+0 9 030 +0,030000 +0.145143 0.000000 0 9 325224 
1-0.050 +0.072613 +0.135953 
t
0030598  0.32.1990 
+0,130 +0.143745 +0.108593 .II3o23 0.312266 
+0.150 +0.211990 +0.063673 40.178li 3 0.295995 
±0.203 +0.23074 ±0.002190 0.241137 0.273073 
+0 i)3 5'L • i83 
9'3.000 +0.000000 +0.175395 +0,O0Q0o 0.349I73 
+0.050 +0.077663 +0.155714 +0.061237 0.345064 
+0.100 +0.153697 +0.137194 +0.123114 0.333723 
+0.150 +0.226557 +0.090403 +0.136237 0.321099 
+0.2(4353 +0.O26.39 +0.251435 03299109 
+)j33 0 ,2C4113 ±3. 196104 
+0 0 000 +0.000000 +09207518 +0.000000 0.374115 
+0 4 050 +0.082901 +0.197520 +0.003673 -0.371136 
-1-0, xoo +0, 164014 +0-1'0  7774 +0.127999 0.362135 
1- 0 6 150 +0.241645 +0.119004 +0.193543 0.347221 
+0.200 +0.314277 +0.052370 +0.261398 0.326178 
+0.450 +0.230894 +0. 219490 
±0 6 000 +0 0 000000 +0.297656 +0 8 000000 0.440549 
+0.050 +0.096937 +0.285507 0.069304 0.437900 
+0.191028 0.253369 +0,Z9230 0.429949 
+0 6 153 +0.231956 +0.199138 +0.210012 -0,410678 
+0 0 200 +0.366043 10.125241 T0,28 4009 -0.393058 
+0.500 +0.258153 +0. 242500 
+0,000 +0.000000 +0.402687 +0.000000 0.512277 
+0.050 +09113571 +0.390196 40.074264 -0.509965 
+0. 100 +0.322334 +0.353103 i0.149206 0.503033 
+0.150 +0 0 326655 +0 9 292542 10.235512 0.49I3t 
+0.200 +0.423337 +0.21036/ *0.303392 -0.475313 
- 121 
+0.335951 
+0.030 +0 0 000000 +0.524414 +0.000000 -0.588627 
+0.050 +O.I30I8j +0.51034u +0.078549 -0.586652 
±08100 +0.256867 +0,468603 +0.157767 0.530735 
+0.150 +0.376770 +0,403612 +0.238333 0.57089G 
+0,300 +0.437074 1-0.308577 40,320941 0.557173 
+O.3Z333 +0.237203 
+0.000 +0,000000 +0.665077 +0,000000 0.668930 
+0.350 +o.io6 +0.649114 +0.082166 0.567285 
+0.100 ±0.295150 +0.601343 +0.164981 m.662361 
+0.150 +0,433580 +0.525052 +0 0 249104 0.654196 
±0,300 +0.55912q. +0.ii21530 1'3.335205 
.1. - 
L 3c 9)j 
+o.000 +0.000000 +0.827476 +0.000000 0.752527 
+0 0 030 +0.173437 +0 0 809230 +0,085134 00751199 
+0 4 100 +0,341364 T0.755286 40.170888 0.747333 
D.I50 +0.498728 +0.667944 +0.257391 0.740673 
+0 550752 
-L), 7 Q 3 73o•-9 
+0,000 0.000Q00 +1,015133 +0.000000 0.33870. 
+3,050 +0 0 200502 +3.994083 +0.087481 0.83/753 
+0,133 3.394341 +0.931991 +095547 0.834700 
+0.150 +0.74491 +0.831832 +3.4737 0.829G69 
+0.736036 +o,693O4 
C.753 +334104 nfl - 
+1.232525 +00)3300 
3.050 +0.332540 I.207995 +0.089243 
-o.roo +o,G2oo +1.135735 40.I79030 
+0 6 150 +0.663009 +1.019842 +0.269906 u.920539 
+0,203 +0.346633 -:o,66 +0.362421 
-; 10 15 
00 +1.485410 +0.000000 1.016907 
+0.050 +0.271004 +1.456466 +0.090462 1.016425 
+3,100 +0.530556 +19 371502 +0.131422 10015000 
+0.150 ±0./66513 +1.235819 +0.373330 1.012702 
TO.200 +o.77o6o +1,057321 ±0.356Q35 1.009651 
+0.350 +0.468660 +3. ,907 2-9 
+0.000000 +1.761302 -1.T07689 
+0.050 +0.317905 +1.746659 +0.091182 1.107444 
A-0, zoo +0.620823 +I.63jI3 +0.182815 1.I06733 
+0.150 +0.395710 +1.484520 1-0.275350 1.105637 
+0.200 +1.1329I +1.274937 10.369335 -1.104248 
+3.900 +3.502709 +0.409837 
+0.000 +0,000000 +2.130131 +0.000000 1.198969 
+00050 +0.376082 +2.088016 0.091450  -1.198933 
+0,100 +0.732201 +1.965176 40.183303 -1.193869 
+0.150 +1.051349 +1,771837 +0.275962 1.198333 
+0,200 +1.321566 +1 9 522646 0.369824 -1,198950 
+0.950 +.538127 +0.428392 
+0.000 +0.000000 +2.545570 +00000000 1.290319 
+0.050 +0.449655 +2.493220 +0.091314 -1.290478 
+0.100 +0.872138 +2.341501 +0.182984 1.290979 
±00150 +1.244911 +2.105073 *0.275364 1.291891 
+0.200 +1.553157 +1.804525 *0.368803 1.293332 
+1.000 +0.575080 +0.446339 
+09000 +00000000 +3,046243 +09000000 1.381358 
+0.050 +0.544739 +2.979688 +0.090821 -1,331684 
+0,3:00 +1.051598 +2-788079 *0. 181953 1.382685 
+0.150 +1.490001 +2.493224 0.273702 -1.384427 
+00 200 +1.841760 +2,124814 *0.366371 -1.387023 
— — 
AIJTOCODE PROGRAMME TAPE 















V tooV loX V to 
V to 1V zooXVro 
VroViooXVroo 
VI03VI00X Viol 







Vt I IV I 10+V107 
Vt tz=VI 11V to8 
Vt 13V II z+V 109 
V1 14=1+V100 
V  15V114-FZ)107 
V115V1IS+V108 
Vt 17V z t5+V 109 
V  zo=V 101/2 
Vt Zt=V 103/12 
V122VI05/144 
Vt 23=V 10-V 120 
V  341) 123+V 121 
Vt 35V I 24V 123 
Vt 26=Z) I0+V 120 
v  27=V I 36+V 121 
Vt 8-V I 27+V 122 
Xv I 1V 125/V 113 
XVI30=V I 28/V 117 
PRIMly9, 3083 
PRINTvii, 41}36 
PRIMly 130, 4386 
XV X2-Vt EXV I I 
V 13=VI 2XVI I 
Vt 4-V IZXV 12 
V 15V I 2XV 13 
V x6=v I ZX 3 
V 17V14X3 
V18=V14X36 
V20 1+V 12 
V 21 I V 12 
V 3.2 r+v 16 
V231+V17 
cia J1 r r,.L'?I r 7 
fl40 
2)v70=114/I00  













V8 7V8 -V8 6 




V 179V70XV 130 
V173V74XV £83 

















VzooV i8 5-V6 
V20 £V200XV200 













PRI UTVzo9, 4086 





















V150=V I3oXV 130 
V 15 I-V I5OXV 130 
V 15zV I 5OXVI 50 
V Z53V I5OXV 151 
V154=VI50x3 
V t55VI5 2X3 
Vt56VI53X36 









V3 2V9XV It 
V3 3V9XV20 
V34V33+V33 








































V t3o=v iô zxv9  
v 1 IV43—t)44 
vz8 zVi8 1xVx5o 
V 13 2V165XV 163 
V183=Vi64xv40  
V tFJ 3V183Vlow 2 
V183V133-V181 
